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COMBUSTION CHARACTERISTICS OF HYDROGEN - CARB(») MONOXIDE BASED GASEOUS FUELS 

David J. White, Alan J. Kubasco, and Richard T. LeCren 
Solar Turbines Incorporated 
San Diego, California 
and 

Joseph J. Notardonato 

National Aeronautics and Space Administration 
Lewis Research center 
Cleveland, Ohio 

ABSTRACT 

An experimental rig program has been conducted with the objective of evaluating the combustion 
performance of a family of fuel gases based on a mixture of hydrogen and carbon monoxide. These 
gases, in addition to being members of a family, were also representative of those secondary fuels 
that could be produced from coal by various gasification schemes, in particular, simulated 
Winkler, Lurgi, and Blue-water low and medium energy content gases were used as fuels in the ex- 
perimental combustor rig. The combustor used was originally designed as a low NOx rich-lean sys- 
tem for burning liquid fuels with high bound nitrogen levels. When used with the above gaseous 
fuels this combustor was operated in a lean-lean mode with ultra long residence times. The Blue- 
water gas was also operated in a rich-lean mode. The results of these tests indicate the possi- 
bility of the existence of an "optimum" ?as turbine hydrogen - carbon monoxide based secondary 
fuel. Such a fuel would exhibit low NOx and high efficiency over the entire engine operating 
range. It would also have sufficient stability range to allow normal light-off and engine accel- 
eration. Solar Turbines Incorporated would like to emphasize that the results presented here 
have been obtained with experimental rig combustors. The technologies generated could, however, 
be utilized in future commercial gas turbines. 


INTRODUCTION 

Secondary fuels derived from coal, especially 
low and medium ener-iy content gases, have taken on 
great importance as the petroleum supplies of the 
United States of America have diminished. These 
gases are particularly suitable as fuels for gas tur- 
bines, although they sometimes include higher levels 
of nitrogen containing species than conventional fuel 
gases such as natural gas or propane. When these 
gases containing high concentrations of nitrogen com- 
pounds are burned in gas turbines the oxides of 
nitrogen (NOx) emission levels in the exhausts are 
usually high. 

In general, NOx emissions are produced by two 
separate pathways. The first is purely thermal and 
involves the fixation of atmospheric nitrogen, while 
the second takes place via a nitrogen containing 
free radical mechanism, the radicals being produced 
from those fuel molecules that contain nitrogen. 
This latter mechanism, depending on the concentration 
of nitrogen in the fuel, can dominate the NOx emiss- 
ions. It has been found that the most successful 
combustion concept that minimizes NOx from both ther- 
mal and fuel-nitrogen sources is a staged combustion 
approach. The primary zone of this staged combustion 
system is designed to operate in a fuel rich mode 
(at an equivalence ratio greater than one), while 
the secondary rone is designed to be sufficiently 
fuel lean to maintain the reaction temperatures below 
1540 C (2804"F). This latter temperature is main- 
tained to ensure that minimal thermal NOx is produced. 
Above this temperature substantial thermal NOx can 


be produced by nitrogen fixation. For clean fuel 
gases (non-nitrogen containing) an effective approach 
is to utilize a lean primary zone with a premixed 
air-fuel charge. Low NOx can be obtained with such a 
combustion system. 

The goals of the work described herein were to 
obtain NOx emissions of 75 ppm corrected to 15 per- 
cent O2 for fuc’ bound nitrogen levels up to one 
percent by weight and 37 ppm at 15 percent Oj for 
the fuels with essentially no fuel bound nitrogen. 
These emission goals were to loe attained without any 
sacrifice in engine efficiency. Thus, limits on 
combustion efficiency (99.0%), pressure drop (6%), 
and pattern factor (0.25) were imposed at all condi- 
tions including base load power and peak power condi- 
tions. Allowances for cycle efficiency and engine 
size were permitted as per the Federal Register 
(Ref. 1). 

These goals and limits were to be met while 
operating at a set of conditions that simulated those 
that would be produced at the combustor by a nominal 
12:1 pressure ratio industrial gas turbine. Table 1 
shows the operating conditions estimated for a typical 
12:1 pressure ratio engine that has been adopted for 
test purposes. 

A novel approach that provides effective rich 
primary zone cooling had been developed for the 
combustor utilized. The basic new contribution to 
combustor wall cooling technology was the use of 
primary zone regenerative cooling. All the primary 
combustion air in this arrangement was first used to 
cool the primary zone walls. After cooling the 
walls the preheated air at temperatures in excess 
of 482 C (900"F) passed into the combustor, mixing 
with the fuel in a short internal passage. By the 
time that the combustion reactions were initiated, 
the fuel was well mixed with the air. This system 
avoided external premixing of air and fuel with its 
attendant problems of autoignition and flashback. 
In addition it largely eliminated the normal high 
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Tabl« 1 . Adopted Combuetor Teet Conditlone 
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Not*: 100% air flow corr«apt>n<la to 1.59 h 9 /a/ean 


levels of carbon monoxide, unburned hydrocarbons, 
and Ksoke at low power conditions. Bven at ambient 
light-off conditions combustion efficiencies in ex- 
cess of 99 percent were obtained. This latter effect 
was due prim\rlly to the significant Increase in the 
effective inlet air temperature. 

COMBUSTOR DESIGN 

The combustor used for evaluation of the low and 
medium energy content hydrogen/carbon monoxide gases 
was the rich-lean combustor as described in Reference 
2. The combustor as developed during this referenced 
previous work is shown mounted in the rig casing in 
Figure 1. Although this latter figure is schematic 
in form, it does display all the salient features of 
the ccBibustor. In this particular combustor all the 
primary air and part of the secondary air first enters 
into an annular cooling passage surrounding the pri- 
mary zone proper. 'Rie primary air flows forward tow- 
ard the dome, cooling the main part of the primary 
zone and cnen enters the primary zone via a radial 
Inflow swirler. The secondary air, that enters with 
the primary air separates from the latter and flows 


rearward cooling the rear conical portion of the 
primary zone. This secondary air enters the co^naa- 
tor via holes in the throat of the transition piece 
between the primary and secondary zones. The remain- 
der of the secondary air enters through ports at the 
rear of the secondary zone. These ports are angled 
forward and the jets of air produced inside the secon- 
dary zone merge at the centerline. Two resultant 
jets are produced from the interaction of these 
secondary air jets, one flowing on the axis toward 
the transition piece and one flowing toward the exit 
of t'.ie secondary zone. The jet flowing toward the 
transition exit contains the major portion of the 
secondary air mass flow. In addition, the momentum 
of this major derived jet (which decreases rapidly 
to approximately 60 percent of the initial jet mo- 
menta) is arranged to balance the momentum of the 
gases exiting from the transition piece within the 
secondary zone proper. This latter effect is utilized 
to ensure that the transition through stoichiometric 
takes place within the secondary zone for rich-lean 
operaticxi. Opposed jet-on- jet mixing is also one of 
the more effective methods of mixing two fluids 
rapidly. Rapid mixing is required to ensure that the 
time period spent by the reacting gases at stoichio- 
metric (during rich-lean cceU>C3tion) is minimzed. 
This minimization of the residence time at stoichio- 
metric in turn minimizes the thermal NOx production. 

The rich- lean combustor used for the tests had 
stoichiometry or air flow splits that were designed 
for typical petroleum and coal-based liquid fuels 
having stoichiometri ' fuel-air ratios in the range 
of 0.067 to 0.*^68. This latter geometry allowed 
only the medium energy content fuel to be burned in 
the primary zone in a rich mode. The two low energy 
content gases effectively were burned in a lean-lean 
mode of operation, even though the combustor would 
commonly be referred tf as a rich-lean system. This 
can be ppreciated better by recognizing that the 
simulated Winkler gas 4,097,811 (110 Btu/scf) 
and the simulated Lurgi gas 6,183,968 J/m^ (166 
Bt\i/scf) have stoichiometric fuel-air ratios by weight 
of 0.55 and 1.04 respectively. When compared to the 
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combustor primary tone equivalence ratio liesiqn point 
ranqe of 1.2 to 1.4, based on an averaqe stoichiomet- 
ric fuel-air ratio of 0.0675, it is obvious that 
even allowinq for the reductions ‘n heatinq value 
compared with conventional fuels, that neither could 
bo operated In a rich mode. The "Blue-Water” qas 
on the other hand, could and was operated in a rich- 
lean fashion due to the relatively low value of its 
stoichiometric ratio (0.24B) and its hiqh lower heat- 
ing value 10,207,272 d 'm^ (274 Btu/scf). 

Fuel Injection 

To ensure the maximum of fuel flexibility an 
injector was designed from the outset to handle low, 
medium and high energy content gases together with 
most liquid fuels. This injector is shown in Figure 
2. In the low energy content qas combustion tr.ode , 
gas wrnild be injected via both the central passage 
(air assist in liq'd fuel oi>eratlon) and the annular 
passage Inanediately surrounding it. When operating 
with medium and hi»ih energy content gases either the 
central passage or the sut rounding annular passage 
coulvl Ih' vised dependinvi iin wtietlier rich vir lean 
combust ion is desired. For lean I’omhust Ion the annu- 
lar passage would be utilized for gas injection 
while air xxnild be introduced through the central 
passage which has a swltlet to ensure rapid mixing 
of gas and air. For rich combust ion the central 
passav^e v'ould be used. Liquid fuel would l»' Injected 
through the outermvrst series of t'^s.sages and hole.s, 
while air would be lnfroduce.1 through the center 
passage with a swirling motlc>n. This latter swirling 
air la required during liquid fuel Inject t >n to ensure 
stable film fomation and subsviquent fine a'-oralzatlon 
from ,ie sharp eidge of the Injectiir. 

For dual-fuel (liquid gas) operation, liquid 
fviel would be Injected as dv«scribed abovv* while the 
medium or high ene' gy content gas could be injected 
co.icurrent ly throi uh the annul.rr p.»8S.rge surrounding 
the central air-assist supply tube. In the case of 
dual fuel ( I Iviuid gas) combustion where the gas is a 
low energy content fuel a more complex mode of opera- 
tion would be required. As outlined above, the low 
energy content gas wviull be injected thr.iugh Ixith 
the vientral air-assist tube and the sutroun.'lng annu- 
lar pa.ssaqe. Iiviring the change to liquid fuel opera- 
tion the vjas flow in the central tuis* would be turned 
down as the llguld fuel was introduced .rnd air intro- 


duced as a raplacemant fluid. (2nly aftar air had 
been aubtit tuted for all the low energy gaa In the 
central tube, would the gas flow In the aurroundlng 
annular passage be reduced. This staged action would 
bneura that the liquid fuel film would remain in a 
stable condition. 

FUELS AND FUEL SYSTEM 

Three different simulated fuel gases that can 
be obtained from coal were chosen for invaatlgatlon. 
These covered the range of energy con*-enta in terma 
of lower heating value that lay between 4,097,811 and 
10,207,274 J/m^ (110 and 273 Buu/ft^) and formed 
a family of fuels consisting mainly of C 0 /H 2 mixture. 
Table 2 shows a wide range of gaseous fuel composi- 
tions that could be produced from coal through reac- 
tion with air c.r oxygen and steam in various combina- 
tions. The three that were chosen for testing wore 
the Winkler (air blown), Lurgl (air blown) and Blue- 
Water gases. Each of these fuels were simulated by 
mixing the appropriate pure compounds together In a 
five component on-line mixer. Typically these gases 
Included hydrogen (H 2 I, carbon monoxide (CO) methane 
(CH^), carbon vlloxide (CO 2 ), and nitrogen {N 2 ). The 
nominal compositions adopted for each of the gases 
in provided in Tables 3, 4 and 5. 

All of t)ie comiwnent gases needed with the ex- 
cept v in of the carbon monoxide were obtained from 
existimi iai'iUty sources. The carl>on monoxide was 
delivered in tube-trailer lots. In operation the 
tube-trailer gas manifold was connected to a mating 
tube fitting mounted on a stanchion that also anchored 
the trailer. A schema' Ic of the carbon monoxide 
fuel systom as vieveloped on the program is shown in 
Figuie 3. Soft copper tubing and silver soldered 
orass-f itt ings were usevi tliri'iughviut to ensure .minimal 
leakage. Multiple remotely controlleil regulator vcl- 
ves were installed to provivie fine Cvintrol of thb 
flv^w rates. Fast acting shutoff valves were also 
Installed as a safety measure. Hydrogen was also 
delivered by tube- trai ler , but In this case the 
gas was transferred to jn existing -lultlple tube 
fixed facility when delivered. As in ^he case of the 
carbon monoxide, vindergnund heavy wall soft copper 
pipe was used to convey the hydrvigt n to the test 
cell. All fittings were of brass or cooper and were 
either brazed or si Ivor-soidered together. Multiple 
pressure regulator valves were also used to ensure 
precise flow control. See Figure 4 for a schematic 
of the line. 

Existing facility sources of methane (v'H^), car- 
hv->n dioxide, and nitrogen were utilized. Each of 
ttiese facility sources were "piped" to the test cell 
using copper tubing as in the case of hydroiien and 
carlnin monioxile. Fuel line scliematlcs for these 
three viases are shown in Figure 5, togetlier with the 
mixer. Entry points for hy<1iogeii and carbon momixide 
are shown. 

F.ach .if the gases was fevi intii the on-line mixer 
or blender (see Fiq. 6). This mixed the gases t ■ a 
level of plus or minus one percent of the minor 
coeqxinent . To control the total mixed fuel ga( mass 
flow entering the combustor, each of the individual 
qas flows was reduced or increasevl together as neces- 
sary for the range near the maxiravim flow require- 
ments. Ctxnbuat ion low flow I'onditions were obtained 
by bleeding a portion of the flow to a flare which 
burned the gas in ambient air. ’n typic.il iipeiaiion 
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Table 4. Air-Blown Mlnkler 


Consonant 

Composition (%) VoIubm 

Nitrogen 

N 2 - 55. 

Carbon Dioxide 

CO 2 - 10 . 0 » 

Carbon Monoxide 

CO - 22.0% 

Hydrogen 

H 2 - 12 . 0 % j 

Methane 

CH 4 - 0.5% 

i 


Ijower heating value 110 Btu/ft^ 


all five gases would be set to the flow conditions 
corresponding to the maximuBi fuel-air ratio of the 
conbustoi. at the simulated power-point. 

The gas flows would then be reduced together In 
a series of decrements to lower the fuel/alr ratio 
and thus obtain emission data as a function of fuel/ 
air ratio. At some point the specie with the lowest 
concentration reaches a flow detection or measurement 
limit. At this point, part of the flow leaving the 
mixer was diverted to the flare. By adjusting the 
flow to the flare the desired range of combustion 
fuel/air ratios could be obtained. 

To ensure the complete combustion of a wide 
range of low and medium energy content gases, each 
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riq. 3 Schmatlc of th« Carbon Nonoxl>1» 
Supply Syatan 



riq# 4 Srhamatlc of tha Hyklrn<|*n Supply Syatani 

having widaly ranging flow rataa, tha flara waa ai{uip- 
pad with a pamanant natural gaa fualad pilot. Thia 
lattar pilot flana waa arrangad to antrain tha qaaaa 
to ha burnad bafora antraining tha nacaaaary air for 

COBbUStlOll. 

KXPCRIHRNTM. RPP4RATUS 

Tha an aniiamant of tha rlch-laan cnaibuatton aya- 
ta« uaa<1 In tha axparlmantal avaluatlon haa baan 
ahown aarllar In Plgura 1. A photograph of tha taat 
rig la ahown In Flgura 7. Tha (*naibui.tor la lanuntad 
aa ahown in a raalng In a ravaraa flow configuration. 
Tha forward and of tha coadiuator la rigidly attachad 



Fig. *S Genarallxad Piping Diagram 



Fig. 6 Stalnlaas Staal Gaa Mlxar 


to a mounting plata which bolta to ona and of tha rig 
raalng. Tha raar end of tha coaibuator la aupportad 
by a at Ip iotnt which accoexikvlataa axial movamant 
Induced by thermal axpanalon of tha combuator . Ml 
cixabuxtor Inat rumantat Ion la routed through tha ctxa- 
buator mounting plate via removable Inat rumantat Ion 
porta. This allowa tha coaibuetor to be removr .1 from 
tha xktuntlng plata without raaiovlng tha Inatrumanta- 
tlon. Flgura 9 ahowa tha rlch-laan coaibuator with 
Inat I umantat Ion attached. Tire reaurvable Inatrumanta- 
tlon porta can ha aaan at tha top of tha ctwabuatoi . 

Tha combuator waa Inatrumantad with chr.imel/ 
alumal (Type K) thariaocouplaa and atatlc praaaura 
tapa to maaaurai (1) liner akin tamparaturaai (2) 
air teai|>erature, praaaura and praaaura drop acroaa 
tha primary air awlrlari and (1) combuator praaaura 
loaa fnxa tha combuator Inlnt to tha cixabuator throat. 
Tha akin tharxKX'ouplaa ware tack welded to tha akin 
In an open Junction faahlon and than covered with 
Inconel foil which waa alao tack welled to tha com- 
huator . 
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rlq. 7 Combustor Test Rig 



riq. R Rich-Lean Combustor 


The 1.'16 inch diamater thsnaocoupla iaads were 
strapped to the coadiustor with Inconel foil and 
loopa were provided for theriaal expansion. Static 
pressure lines from the cooibustor throat ware simi- 
larly routed. 

During operation all skin temperatures were con- 
tinuously iBonitored to avoid damage to the cooibustor 
liner. Coiabustor pressure drops ware used to indicate 
any mechanical failures. 1*ia primary swirler air 
temperature, pressure and pressure drop ware also 
used to calculate primary air flow. 

The combustor rig case was a high pressure pipe 
section made of mild steal. This was Insulated on 
the inside with ceramic fiber, held in place by a thin 
sheet of stainless steel (114). 


“nie inlet to the casing was a aix-inch diameter 
stainless steel pipe positioned at right angles to 
the casing. Located in this inlet section wore aix 
static preasure taps, six exposed junction chromel/ 
alumol (Type K) thermocouples, and eix Kiel type 
total pressure probes. Bach of the probes and tharmo- 
c tuple was located at the center of a senes of equal 
areas. This allowed a weighted average of each of 
these measurements to be obtained. Located upstream 
of the inlet was an ASME standard sharp-edged orifice 
mass flow measuring device. This utilised the normal 
upstream diameter tap and downstream half diameter tap 
system. Air was supplied to this six-inch diameter 
orifice run by an eight-inch pipe which brought 
indirectly heated high pressure facility air into the 
teat cell. The maximum flow, pressure, and tempera- 
ture conditions were 1.S9 kq/s (3.5 Ib/s) , 1213 kPa 
(176 psia) and 301 *C (682*P) for this particular air 
flow. 

Ignition of the main coediustor was accomplished 
using a spark ignited natural gas t> rch which was 
mounted on the rig casing. A flame this torch 

entered the primary air swirler and ignited the fuel 
in the primary combustion sone. The torch natural 
gas flow rate was measured using a turbine-type flow 
meter and torch ignition was verified by observing 
the temperature at the torch exit, using a Type K 
thermocouple. 

At the exit of the combustor the exhaust gases 
passed through a water-cooled instrumentation ring. 
This ring contained emissions sampling probes which 
allowed exhaust gases to be drawn from many points in 
the gas flow area to obtain an average sample. Figure 
9 shows these probes in the instrumentation ring. 
These gases then flowed through a heated line to an 
emissions analyser. Also in the instrum 'station 
ring were 12 exposed junction Type K theraxicouples 
located at the centers ot equal areas in the exhaust 
flow stream. Ihese are not shown in Figure 9. 

The cooling water from the ins..rumentation ring 
was dumped into the exhaust gas flow downstreM of 
the emissions probes. This water served to cool the 
exhaust gases before they reached the butterfly valve 





Fig. 9 Inatrumantation Riq 
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uaa<f to control back praaaura and air flow through 
tha rlq. kftar paaalng tha back praaaura valva, tha 
aahauat gaaaa flowad through a allancar and than roaa 
through an axhauat atack and axltad to tha atjaoaphara, 

Tha aaiiaalona analyaar contained at^ulpmant for 
BMaaurinq unburnad hydrocarbona .carbon laonoxlda, car- 
bon dioxide, nltroua oxldaa. oxygen and anoka. Un- 
burnad hydrooarbona ware maaaured oontlnuoualy uatng 
a Beckman Ni'dal 402 Plama lonlxatlon Datactor (high 
temperature). Carbon monoxide and carbon dioxide 
ware aaaaurad by tha nondlaparal va infrared matho.1 
ualng a Beckman Novial 315 (kial Stacked Cell Infrared 
knalyiai. Oxldaa of nitrogen ware determined by tha 
chaaillunlnaacanca matho.1 ualng a Theraki Electron ^cr~ 
poratlon Chamllumlnaacant Analyiai Model 10A. Oxygen 
waa determined by maaaurlng an electrical current 
developed by an ampetometrlc aenaor in contact with 
the aampla. Thla aenaor was electrically connected 
by a multi-conductor ahlaldad cable to a Beckman 
Nivlel 742 Oxygen Analyaar. Smoke war maaaured on a 
contlnuoua baala ualng tha Von Btand mathog. Whan 
amoka waa detected the standard A51ME (ROSBCO) smoke 
analysis system was brought on-line to provide a 
detailed definition of the levels. 

Testing waa conducted fr.xa a control tixwx separ- 
ated from tha actual rig. A window allowed visual 
Inspection of the rig luring testing. A view of the 
flame waa provided by using a mirror Inside the call 
to look through a window located In the back end of 
the test rig. This wlndirw consisted of twr> 2-1/2 
Inch diameter quarts glass lenses, lire cavity between 
these war prassurlxed with nitrogen to prevent leakage 
from the rig. Figure 10 i.hows thla quarts window. 
Pressures were observed on a Ciimblnat Ion of mechanical 
gauges and both water and mercury manometers. Tsmi-wir- 
atures were monitored on both analog and digital 
meters and on a CRT output fr.ws a .lata acquisition 
system. Air. natural gas and liquid fuel flows were 
observed on digital panel meters and were controlled 
entirely fnmi within the control room. Figure 11 
shows the c.'ntrol room. 

Test Procedures 

The following procedure was used to conduct the 



Fig. 10 sTuarts winilow 



Fig. 11 Control Pa. 


testing! First the rig war heated by flowing air 
through with no combustion occurring in the test com- 
bustor. Ttie air was heated to the desired inlet 
teat tamperature by an indirect-f ired heat exchanger. 
Once the desired inlet test temperature was reached, 
the teat combustor was lighta.1 by the means of a 
torch ignitor at low airflow and nerr ambient pres- 
sure. The airflow rate and inlet test pressure were 
controlled by a system of valves in the inlet plumb- 
ing and. a butterfly type back pressure valve down- 
stream of the rig. For any one senes of teats the 
airflow, inlet pressure, and temperature were held 
constant and the fuel flow rate varied. Data points 
were selected in order to allow determination of the 
emission signature of the teat combustor at the par- 
ticular operating condition and on the particular 
test fuel. TTie data consisted of basically three 
groups. First c.xsbuator akin, fuel »nd air t oera- 
tures were continually monitored and then le-. >rde1 

on printeil pai'er ta|<e. Second, the rig operating 

data were recorded by hand. ITieae data included 

pressures, pressure drops, flowrates and svxae addi- 
tional teffl|W)ra*ures. Third, the emissions data were 
■rntnitored on beth strip chart recorders and digital 
meters and recorded by hand. when one senes of 

tests was completed then the inlet air temperature 
was varied by changing the preheater setting and the 
airflow pressure condition achieved by manipulating 
the inlet control and backpressure valves. Shutdown 
consisted of ext inguishino tha flame in the teat 
combustor, turning off the preheater, and cooling the 
rig by continuing to flow air thrmigh it. 

TEST RESULTS AND OISCUSSMM 

Emission signatures for the de el<-iped rich-lean 
combustor were .letermlned over the full range of sim- 
ulated engine conditions (see Table 1). Specifically 
combustor exhaust emission levels of MOx. CO. UMC. 
smoke and COj wero determined for each of the engine 
test points, with each of the three fuels. These 
three fuels were treated approximately equally In 
terms of the test hours associated with each of them. 
Amm.'.nla waa added to one of the gases and certain 
test points were reteateil. to provi.le a comparative 
NCIx emission level. It was found that the generated 
aiMKinla pressure 01 x 111 not he Increased sufficiently 
to allow operation at the maximum power condition. 
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ORlGliviAL 

OF POOR QUAUTY 


To obtain high >—oni« ptaasuroa tha eylimlara con- 
taining liquid aaaonia wara iaMraad in an alaetrl- 
cally haatad watar bath. Tha praaaura obtainad at 
120*r (tha aaxiaun aafa oparating toaiparatura of tha 
cylindara) waa of tha ordar of 1930 kPa (280 paia). 
Although thia praaaura ahould hava baan aufficiant 
to injact and aix tha aaawnia into tha fual gaa, 
an unforaaaan phanoaar.on occur i ad that raducad tha 
praaaura aubatantially. It waa found that at high 
praaauraa aaatonia raactad with the aaal natariala 
used in tha flow naaauraaiant ayatam, avan though 
thaaa natariala wara racoiManded anaonia oparc- 
tion. At nomal low praaaura conditiona tha raaction 
rataa batwaan aaukonia and tha polynaric aaal materiala 
apparantly art vary low, however, at high praaauraa 
thaaa raaction rataa creaea draAatically. The pro- 
ducts of tha raaction quickly blocked tha lines and 
pravantad ingress of tha aaaaonia into tha gas mixer ■ 
A need to redesign the aianonia system was thus appar- 
ent. However, because of limitations imposed by the 
schedule, redesign was not accomplished, and operation 
at lower pressures was all that could be achieved* 

Fuels 

Three fuels all based on CO/H2 'alxtures, were 
chosen for experimental purposes and -hese are des- 
cribed in detail in the Fuels and Fuel System section 
above. Two of the fuels were low energy content 
gases and a third was of medium energy content. The 
lowest energy content gas chosen was thut produced 
by the corabincd air and steam blown Winkler gasifier. 
This was a gas that had a lower heating value of 
4,097,811 J/m^ (110 Btu/scf) making it difficult 
to burn although it typified gases produced by exis 
ting technology. Integrated gas turbine and gasifi- 
cation units could readily use the Winkler (simple 
fluidised bed) technology which was one of the rea- 
sons for choosing it. The integration may require, 
however, a pressurized fluidized bed rather than the 
true Winkler system which Is atmospheric. It is 
believed, however, that the gas compositions oroduced 
would not vary significantly with pressure. The 
second gas was that typically provided by an air 
blown (fixed bed) Lurgi system, and had a lower 
heating value of 6,183,468 J/m^ (166 utu/ecf). This 
system also has the potential of being integrated 
with a gas turbine. 

Essentially the low energy content gases derived 
from coal would have to be utilized at the source, 
because the costs of transportation quickly exceed the 
energy velue delivered. Generally a supply radius 
of 50 miles is considered to be the limit. Thu« it 
is anticipated that low energy content gas pvoducers 
Will have total integration with an on-jite gus 
turbine. This would allow the two unitn to share 
"waste-heat" so as to improve the overall cycle. 
Typically this would involve using the gas turbine 
exhaust waste heat (and possibly the exhaust gases 
directly) to preheat the reactants entering the gas- 
ifier. Additionally heat exchange between the hot 
fuel gases and the compressor discharge air prior 
to gas cleaning could also aid in improving the 
combined unit efficiency. 

Medium energy content gases could be considered 
transportable and, if produced, are likely to be used 
at sosie distance from tha generating source. Many 
of these gases are close relatives of tho low energy 
Content gases. The difference is that t-rv/T"' t* 
substituted for the air used in che gasifier, when a 


Biedium energy content gas la desired. The majority 
of medium energy content gases rely on the reaction 
between coal and stecua to produce a mixture of hydro- 
gen end c.srton monoxide. This raaction Is sndothsrmlc 
and various msana of supplying cha nscssssry snsrgy 
ars utlllsad. u«.'.;'*lly oxygan (air for low enargy 
gasaa) la Introduced In parallel with the ateam* and 
the exothermic combuatlon reactlona that taka place 
offset the endothermic reactlona. 

Blue-Water gaa la a medium energy content gas 
that Is produced by the act! ,n of ateara on coal with 
the energy for the reaction supplied externally. Thus 
this gas can be considered as a baseline medium enargy 
gas In that It is not coutaminated with combuatlon 
products . 

Because of this characteristic. It was chosen 
as a baseline fuel. In addition bscause of Its lack 
of "lnert£" and high flamt temperature It was felt 
that this would be one of the more difficult fuels 
In which to obtain low NOx emissions. 

Rich-Lean Combustor Results 

Sixteen teat conditions each involving a minimum 
of five test points (differing fuel-air ratios) ware 
defined to provide a series of detailed sniaaion 
signatures of the "rich-lean combustor", when opera- 
ted on each of the three test fuels* ‘niese test 
conditions are provided in Table 6 with each aat of 
conditions referenced to an angina power point. V»ls 
latter engine being a hypothetical 12:1 compreaaion 
ratio simple cycle industrial gas turbine, based on 
the Solar Centaur. 

The simulated Winkler gas was chosen ae a typi- 
cal, diff icult-to-burn low energy content, coal gas 
produced by combined air/steam blowing in a fluidized 
bed. It «'as found that this gas was difficult to 
burn in a controlled manner in the rich- lean combustor 
below the inlet pressures and temperatures associated 
with 6:1 compression. Apparently the concentration 
of carbon dioxide and nitrogen was sufficiently high 
t)fki; It »' jr.iri.-antly reduced the flame speed or 
reaction kinetics. Only at conditions above 690 kPa 
(1.00 psia) (and its associated ccxapression tempera- 
ture) were the reaction rates sufficient to provide 
normal stable combustion. These reduced reaction 
rates created conditions such that the performance 
(that is i.tabllity and efficiency, not NOx emissions) 
was sensitive to changes in the fuel gas ccxnposition , 

Table 6. Rich-Lean Combustor Test Matrix 
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ORIG’rJAU PAGE S3 
OF POOR QUALITY 


•ap«cl«lly to tt)c hy4ro9«n eoncontratlon. lncr*M«« 
In hydrofon cone* nt ration cautad Incraasat In tha 
ovarall raactlon rata, and thla. In turn, altarad 
tha atficlancy. 9aall chan^aa In Inlat taaiparatura 
also algnlf Icantly changed atabllity and tha conbua'* 
tion afflclancy. Tttln lattar affact praauauibly waa 
producad by changaa in raaction rata craatad by davi- 
Atlona in tha iniat taaparatura. 

Vary low NOx aaiaalona could ba obtainad with 
tha Ninklar gaa although, in practica, thara would 
probably b<« liaitad oparat lonal ranga dua to axcaa- 
alva carbon monoxlda aMiaaiona. In oparation tha 
gaa turblna would orobably hava to uttllxa an auxll* 
iary fual (auch aa propane or natural gaa) for igni- 
tion and angina accalaratlon to around tha 50 parcant 
powar point- Whan thia lattar poln^ waa raachad 
tha Wlnklar gaa waa gradvially ir.troducad to raplaca 
tha Inlt'al fual. Sacautia of tha abova linltatlona, 
aapacially tha aanaitivity to fual compoaltlon, it 
ia fait that tha Winklar typa gaa la not a prima 
fual for gaa turblna uaa. 

In addition to tha abova tharmochamlcal problama, 
it was found during taating that tha high nitrogan 
flow raquiraments of tha Wlnxlar gaa quickly axcaadad 
tha capability of tha facility to supply vapiorixad 
nitrogan. Ibi# phanomanon laad in turn to fallura 
of tha facil ty nitrogan pumpa through liquid nitrogan 
flashing in tha pump houaings. Becausa of tha numar- 
oua nitrogan pump falluraa kturlng Winklar gaa tasting, 
only llmltad amission data could ba obtainad. tJanar- 
aily whan tha nitrogan pumps failed, the lower hasting 
value of tha fual incraasad rapidly causing ovarhaat- 
Ing of tha combustv^r walls and consequent stiut-Aiwn 
of tha axi’arimant. 

In licht of tha ab^^va , tw\i o|>aratlng p»iints ware 
concentrated on, tha idle jvoint and tha 70 percent 
power point. dtia amlsrtons signature at tha idle 
power point la shown in figure 1i, and shows a chaiac- 
tarlstic typical of a lean pramlxad co.abustlon system 
with except lonally low t!"»x levels. M attempt wna 
made to extend this siguatur-* to much higher fuel-air 
ratios to ascertain the Nvtx emission trends. Tha 
results of this latter exjieriment are shown in Figure 
tj. WOx emissions, although higher than before, 
were still very low and appeared to be approaching 
an asymptote. The llmlt’ng fuel-air ratio waa approx- 
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Fio. Winkler oas Fmioslons Signature 

( Idle Point ) 



Fig. t) Winkler Gas Btlasiont Signature 
(Hot Idle Point) 


imatsly 0.2 (primary tone equivalence ratio 0.875) 
and at this point a combination of various mechanical 
integrity probJema forced the experistent to be ter- 
minated. 

Data at the baaaload powei condition could not 
be obtained as the nitrogen flow icguirements excee.led 
the available supply, ka a consequence, oparation at 
the 70 parcant power point was pursued and the results 
are shown in Figure 14. ks previously exi'sr iancad , 
tha NOx amissions ware very low although at these 
higher pressure conditions, tha shape of the curves 
has changed. A Nox minimum is now apparent although 
it la not well defined. 

In all cases the carbon monoxide (C«') emlaalona 
were high at conditions close to the lean extinction 
limit and reasonable at fairly high primary xone 
equivalence ratios. Th«ae high CO emisalona would 
limit operation of the combustor primary xone to 
a . ilchlomet r Ic or greater, ao aa to provide reason- 
able combustion efficlenctea over the turn-down range. 
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Fig. 14 Winkler C.as Rsiasions fllgnatate 
(70» Powei P-ilnt' 



OR!GIW/'t PAGE 13 

OF POOR QUALITY 


A Lurql 9 «a having a Xowar haatlng valua of 
61,839,563 3/m^ (166 Btu/aef) waa alao avaluatad, 
and It %wa found that tha hlghar hydrogan concantra- 
tlon and hlghar haating valua allowad auch battar 
control. Tha aatiaaiona algnatura of tha Lurgl gaa 
at tha Idla condition j la ahown In r.gura 15. Xa 
can ba aa«n, axcaptlonally low NOx mlaalona and 
raaaonabla CO aalaalona can ba obtalnad. Slnllar 
raaulta waca obtalnad at tha so parcant powar point, 
70 parcant powar point, and 100 parcant powar or 
baaaload condition (aaa Flga. 16 and 17). sinca thla 
gaa provldad adaquata operating ranga with raaaonabla 
afflclanclaa and low NOx aniaalona, It can ba cun- 
aldarad to ba an attractive gaa turblna fual. 




Ammonia waa Injected Into the Liirqi gaa to pro- 
duce a concentration of the order of H v/v. Two 
aeta of data ware obtained with aamonla (NH3) addi- 
tion, one at the Idle operating condltlona and the 
other at tha 50 percent power point. Thaae deta are 
ahown In Flgurea 16 and 19, reapectlvely. The maximum 
NOx lavela produced are high in both caaes. They 
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rig. 17 Lurgl Oaa Smlaalont Signature 
(70% Powar Point) 
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Pig. 16 Lurgl Gaa Einiaaiona Signature 
(1% v/v Anacnla Added) 



Pig. 19 Lurgl Gaa Emlaaiona Signature 
(50% power Point) 1% NHj 

are of the order of 50 percent of the level that 
would have bean produced if all the aanonla had )?aan 
converted. Thua, even though theae reactions took 
place in a lean mode rather than a rich-lean staged 
combustion aysten, only a patt of the ammonia haa 
been converted to Mux. 
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OXlGli^AL PAC'E IS 

OF POOR QUALITY 

'nt« iMt to bo oToluotod on th« rleh-loon 
eoobuator woo tho Bluo-wator goo, choaon bocauao of 
ita potantially hlgb NOx aalaalon charaetarlatie. 

Ihla particular yaa« bocauaa o: ita high hydrogon con- 
tent, providoa vary high coadkuation taoparaturaa , and 
aa a conaaquanca it waa axpactad to produce high 
thamal NOx lavalr. 

Bacauaa of tha atoichioaiatric raquiraaanta of 
tha Blua-aatar gaa, it could ba oparatad in a atagad 
coad>iation rich- loan aoda. Tha aaiasiona aignaturr 
at t!.a idla power point (Fig. 20) ahowe a NOx ainiiaua 
typical of rich- lean (^ration, however, tha range 
at t'.'.r nininw point appaara to ba vary liaitid. ^ 
ataep gradient ia alao praaant in tha NOx curve aa 
the priaary tone fual-axr ratio ia aovad toward the 
Kcoichioaatric point. At tha SO percent po« ir point 
hare in a nignificant ahitt upward in tha general NOx 
lavala (aaa Pig. 21)i although tha ainiaua point ia 
atill evident. Under thaae conditiona It ia apparent 
that tha NOx aalaaion goal of 7S ppa • (S% Oj could 
not be obtained. Siailar raaultn were obtained at 
the higher praaaure conditions (a*a Figs. 22 and 
23). AS tho i.ilet praaaure and teapar-ttura incraaaa 
it can ba aean that tha general NOx level increases. 

<>* the three gases teatad this is the only one that 
ahowed significant changes in aaisaion signature with 
inlet taeperatura and pressure. This lacK of sansi- 
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Fig. 20 Blue Water Gas Baistions Signature 
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Fig. 21 Blue Water Gas Cnissi'^ns Signature 
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Fig. 22 Blue Water Gaa Bnissions .Slgnatura 



Fig. 23 Blue Water Gas rbtiasions Signature 

tivity to inlet or operating point conditiona cf the 
NOx anise iona for low energy content gases may be a 
factor in selecting tha gas or family of gases which 
is to ba produced from coal. 

It is expected that if the coaiposition of th • med- 
ium energy fuel gas were changed drastically through 
through nethanation, then significant rhangws in NOx 
level would occur. Decreasing carbon monoxide and 
hydrogen levels, and increasing methane levels should 
result in reduced NOx le.'els. To evaluate this 
possiVility a comparison between tha Blue-Water gas 
amissions and those of a methane- nitrogen mix of the 
same lo>;a. heating value -<aa awda. Figure 24 shows 
t'. a emisaions prod.ucad ly a mathane-nitrogen mix 
having tha sara lowar hasting valua as the Blue-Watar 
gas. Aa can be seen, it is a totally dlffarent 
characteristic from that provided in Figure 20, with 
generally lowar NOx lavels. Tha fact that methanatlon 
cf medium energy content gases could provide lower 
NO- lev.fle during their subsequent cesabuetion may also 
be a factor in both coal-gas tyoa selection, and coal 
gas procsssing. 

It should be noted that over the range of con.di- 
tlona teated non# of the fuels pro.1uced wall ovar- 
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Fig. *!4 Nathane (CH^) and Nltrogan (N^) Mixture 
Simulating Blue Vnter Gas LOksr Heating 
Value 


heating problems that were severe enough to preclude 
operation. Generally the maximum wall temperatures 
were found in the threat, however, they never exceeded 
900«C (1650»F). 


I'ONCLUSIONS AND RECOMMENDATIONS 


The rich-lean combustor system developed by 
solar Turbines Incorporated during the cc arse of an 
earlier program described in Reference 2 has shown 
itself capable of burning a wide range of low and 
medium energy content fuels, based on carbon monoxide 
(Ci>) and hydrogen (H 2 ). Operation of tliis combustion 
system Invol'-ed lean primary zone operation for the 
low energy content fue' and a rich-lean mode for 
the medium energy content fuel. The lean combustion 
of the low energy content fuels which were a simula- 
ted air-blown Winkler gas and an air-blown r-urgi gas 
respectively, demonstrated that the combustor used 
could produce low NOx leve s. These emissions easily 
met the goals of providing NOx levels below 75 ppm ® 
15% O 2 , and were generally insensitive to Inlet 
pressure and teoiperature conditions. 

Ammonia addition to the Uurgi gas, to provide a 
one percent ay vo’'jme concentration, increased the 
NOx emissions ' Ign ficantly to levels well above the 
goals. The peak levels produced, however, were 
approx inately one half of thoac that would have been 
obtained had all the ammonia convorted into NOx. 
Thus a significant reduction can be claimed. 

Emissions of NOx during the combustion of the 
medium energy content fuel (a simulated Blue-Water 
gaa) were above the goal except at low praasure con- 
ditions. The emiaslons signature showed the expected 
“rich- lean minimum" at rich primary zone conditions. 
The slope of the curve, however, between stoichio- 
metric and the NOx minimum fuel-air ratio was much 
staeper than that encounterad wlih conventional pet- 
roleum fuels. NCx emissions were expected to be 
high with the Blue-Water gas fuel, because of its 
high flame temperature characteristic. Thermal NOx 
produced in the secondary zona proabably deminated 
tha entire emission signature. With increasing prasa- 
ure and tamparatura, the shapa of the NOx amission 
curves remained essentially constant, however, their 
general level Increased substantially. Insufficient 
daca la available at present to nxtract the true 


dependence of the NOx levels on Inlet pressure end 
tempereture. 

No severe nachanlcel Integrity problesw were 
encor.r tered with the three fuels at any of ths opsra- 
ting conditions. Generally maximum wall temparatures 
ware below 90J*c (1650*F), which is adequate for the 
cooling system employed. 

It was found that the vgry low energy content 
gae (Winkler) hed e limited controllable range in 
that its stability and efficiency (not NOx) were very 
sensitive to aiaall changes in the hydrogen concentra- 
tion, and inlet temperature. nie Lurgi gas which 
had a higher hydrogen concentration did not suffer 
from this problem. It can be postulated then on the 
limited evidence available That thera is probably 
an optimum fuel in the family of CO/H 2 gas mixturss 
that l'«s somewhere between the Winkler and the Blue- 
Water gaa. This fuel would have good stability and 
efficiency characteristics, but yet would have a NOx 
characteristic insensitive to operating conditions 
(unlike the Blue-Water gae). 

Because of the high flame temperatures of the 
>i gh hydroc-jn content fuels such as the Blue-Water 
gaa, it may be advantageous to process the fuel fur- 
ther l>efore combustion. Typically, methanatlon could 
increase the lower heating value and lower the stoi- 
chiometric flame temperatures, allowing lower NOx to 
be produced. 

It is recommended that an xnvastigation be made 
to determine the optimum low energy content coal-gas 
fuel for gas turbine use. The results of similar 
investigations should provide a guide to the develo- 
pers of gasification systems. The optimum fuel (con- 
sisting of CO, H 2 < CO 2 and N 2 ) would have good stabil- 
ity and efficiency with a NOx level below the goals 
and would be iraensitive to operating conditions. 
This could be achieved by investigating fuels with 
differing CO/H 2 ratios and differ-nt levels of inevts 
(varying lower heating values). 

Methanatlon of the medium energy content gases 
should also be evaluated as a potential aid in pro- 
viding a fuel with low NOx characteristics. An inves- 
tigation into the effects of methane content on NOx 
production could readily be implemented, and could, 
as above, provide a guide to coal-gas producers as 
to which gases to produce. 
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